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Introduction
Total hip joint replacement surgery is a standard treatment for advanced osteoarthritis (OA), rheumatoid arthritis (RA) and hip fracture [1] [2] [3] . During the first decade of the 21 st century, metal-on-metal (MoM)
implants were widely used in these operations, aiming at increased mechanical durability compared to the conventional metal-on-plastic (MoP) implants [4, 5] . However, a part of the patients developed adverse inflammatory reactions around the implant, requiring revision surgery. Named "adverse reaction to metal debris" (ARMD), these reactions are characterized by marked inflammation and, in some cases, pseudotumor formation [6, 7] .
The ARMD reaction is thought to be caused by metal, especially cobalt, ions and nanoparticles abraded from the implant [8, 9] , but the detailed pathogenesis of the reaction remains unknown. However, it has been shown to include systemic dissemination of metal ions and nanoparticles, increased oxidative stress, inflammation, DNA damage and coagulative necrosis [10] [11] [12] .
Lymphocytes and macrophages are predominant cell types in ARMD reaction [6, 13] . Metal ions may act as haptens, activating T cells and eliciting a delayed hypersensitivity reaction (type IV immune response) [14] .
Their direct cytotoxic effects can also cause tissue necrosis, which in turn may attract macrophages and lead to granulomatous responses [15] and osteolysis [16] . Cobalt may also stimulate macrophages through direct activation of Toll-like receptor 4 (TLR4) [17] and/or so-called danger signaling [18] .
Reactions observed around a failed MoP implants share many features of the ARMD reaction. They are characterized by lymphocytic inflammation [19] , macrophage activation, differentiation of mononuclear cells into osteoclasts and subsequent osteolysis [20] . These reactions are thought to be driven by implant-derived polyethylene particles [21] , which can elicit inflammation and osteolysis in in vitro models [22] .
In the present study, we approached the pathogenesis of the ARMD reaction by genome-wide expression analysis, with a special focus on differences between ARMD tissue and the inflammatory response around failed MoP joints.
Materials and methods

Patients
The study was approved by the Ethics Committee of Tampere University Hospital, Tampere, Finland, and complies with the declaration of Helsinki. All patients provided their written informed consent. Pseudotumor tissue from ten revision surgeries of Articular Surface Replacement (ASR) XL hip implants (DePuy, Warsaw, IN, USA) were collected and analyzed. Control samples of pseudosynovial tissue were collected from six revision operations of failed metal-on-plastic (MoP) joints and synovial samples from five OA patients in primary total hip arthroplasties. All operations were carried out at Coxa Hospital for Joint Replacement,
Tampere, Finland, and all primary arthroplasties had been performed for the treatment of end-stage osteoarthritis.
Reasons for Revision Surgery
Revision surgeries of MoM hips were performed for one (or more) of the following indications:
1) a pseudotumour, either with a solid core or atypical contents, was seen in the vicinity of the implant, regardless of symptoms and whole blood metal ion levels; or 2) the patient had both elevated metal ion levels and hip symptoms despite a normal finding on cross-sectional imaging; or 3) the patient had an increasingly and significantly symptomatic hip regardless of imaging findings or metal ion levels. Symptoms included hip pain, discomfort, sense of instability, and/or impaired function of the hip as well as sounds from the hip. Infection was ruled out by at least five bacterial cultures obtained during revision surgery. The revision surgeries of MoP hips were performed for either aseptic loosening of the implants or for recurrent dislocation of the hip. The MoP implants included various brands and had been in-situ for a minimum of one year.
Tissue processing and RNA extraction
Peri-implant tissue was obtained directly from surgery. Necrotic mass (if present) was removed, and the tissue was cut into pieces weighing approximately 100 mg and the tissue samples were stored in 1000 µl of RNAlater TM solution (Thermo Fisher Scientific, Waltham, MA, USA). The samples were centrifuged, supernatant removed, and the samples were homogenized in QIAshredder TM columns (Qiagen). Total RNA was extracted using RNeasy Mini Spin columns (Qiagen) and treated with DNAse (Fermentas UAB, Vilnius, Lithuania).
Next-generation sequencing and data analysis
Sequencing of the RNA samples was performed in the Turku Centre of Biotechnology sequencing core, Turku, Finland, using the Illumina HiSeq 2500 sequencing platform. Sequencing depth was 20 million single-end reads with length of 50 base pairs (bp). The data was analyzed using the automated TRAPLINE RNA-Seq data analysis workflow [23] implemented on the Galaxy platform [24] . In brief, the reads were trimmed for quality, and read quality was assessed using FastQC [25] . The reads were aligned to a reference human genome using TopHat2 [26] , and differential expression was assessed with Cufflinks [27] . For the purposes of further analysis, genes with an expression fold change (FC) > 2.0 in either direction and false discovery rate (FDR)-corrected p-value < 0.05 were deemed biologically and statistically significant. Functions of the genes were obtained from the NCBI Gene database, if not otherwise indicated. Mean gene expression levels are reported as reads per kilobase per million (RPKM) values. Functional analysis from the Gene Ontology (GO) database [28] was performed using the DAVID tool [29] , and the resulting list was reduced using REVIGO [30] . Protein interactions were studied with STRING [31] .
Results
When comparing ARMD tissue to OA tissue, the expression of 1446 genes was found to be significantly higher and that of 1881 genes significantly lower in the former. Of these, 622 genes had a positive expression fold change (FC) of more than 2.0, and 528 a negative one of similar magnitude. Tables 1 and 2 show 20 genes with the greatest FCs into both directions, along with their functions potentially relevant for the metal debrisinduced reaction. These can be seen to encompass a wide variety of different actions, especially lymphocyte and macrophage-mediated inflammatory response, tissue development, redox homeostasis and cellular metabolism. When functions of the genes with FC > 2.0 were studied using the GO database (Table 3) , functional categories involved immune response, macrophage and lymphocyte activation, cell adhesion, skeletal system development and several leukocyte signaling pathways (such as PI3KR1, phospholipase C, tyrosine kinase and integrin signaling). Additionally, Table 4 shows significant inflammatory and hypoxia-related genes which were expressed at higher level in ARMD than OA tissue.
When interactions between the most strongly up-and downregulated (FC > 10) genes were investigated, PRKACB, CD2, CD52 and CD53 were identified as potential central regulators of the observed changes in gene expression. The interaction network also contained the immunoglobulin receptor genes FCGR2A, FCGF2B
and FCER1G. Another, smaller network was centered on the pentose phosphate shunt -related gene phosphogluconate dehydrogenase (PGD), and yet another on aggrecan (ACAN) (Figure 1 ). Next, we compared tissue from ARMD reaction to the inflammatory pseudosynovial tissue from a failed MoP joint. In these cases, the differences in gene expression were less pronounced: the expression of 16 genes was significantly higher (Table 5 ) and 21 significantly lower (Table 6 ) in the ARMD reaction. All of these genes had a FC of more than 2.0 into either direction. Interestingly, the expression of genes central to myofibroblast (AEBP1 and DES) and osteoclast (CCL21, TREM2 and CKB) development was higher in MoP tissue.
When studying the interactions of the genes which were differentially expressed between ARMD and MoP tissues (Figure 2) , IL8, NQO1, GSTT1 and HMOX1 were found to occupy central positions in the network, suggesting them as potential central regulators of the observed changes. 
Discussion
When the pseudosynovial ARMD tissue from failed MoM implants was compared to synovial tissue from OA joints, a major difference in the gene expression profile was found while the differences between the ARMD reaction and the inflammatory reaction around failed MoP joints were less pronounced. Although these control tissues, i.e. OA synovium and MoP tissue, are not ideal in all aspects (though probably the best available), this study is the first attempt to understand the pathogenesis of the ARMD reaction by applying genome-wide expression analysis.
The list of genes with markedly different expression levels in ARMD and OA samples was found to contain a large number of genes involved in inflammatory response, cell proliferation, cellular metabolism and apoptosis. The inflammatory genes appear to be dominated by those involved in macrophage and lymphocyte-mediated responses, including several cytokines and chemokines, fitting to the current conception of the ARMD response [6, 13, 32] . Accordingly, functional categories (GO terms) included several leukocyte signaling pathways such as phospholipase C, PI3K and tyrosine kinase signaling.
Among the genes with largest differences in expression between ARMD and OA tissue, an interaction network centered on clusters of differentiation (CDs) CD2, CD52, CD53 and PRKACB (all strongly upregulated in ARMD samples) was discovered in the STRING analysis. Of these, CD2, CD52 and CD53 transduce signals from T cell receptors [33, 34] , and might thus mediate lymphocyte-mediated hypersensitivity reactions to metals. The immunoglobulin receptor genes FCGR2A, FCGR2B and FCER1G (also identified in the STRING analysis) may also participate in these reactions. However, as far as we know, no previous information about the role of any of these genes in ARMD reaction has been published. PRKACB is a serine/threonine protein kinase mediating cAMP signaling, with subsequent effects on a wide range of cellular processes, including proliferation, differentiation and inflammation [35, 36] . Another, smaller network is centered on the pentose phosphate shunt -related gene phosphogluconate dehydrogenase (PGD), and includes genes related to carbohydrate, lipid and alcohol metabolism. Yet another network was found to be focused on aggrecan (ACAN), and included proteoglycan 4 (PRG4), growth and differentiation factor 5 (GDF5) and hyaluronan and proteoglycan link protein 1 (HAPLN1). These genes, traditionally most strongly associated with cartilage metabolism, also seem to be expressed at lower levels in other tissues [37] . All of these genes were higher in OA synovium than in ARMD tissue, possibly reflecting compensatory increased synthesis of extracellular matrix (ECM) components in fibrotic synovial tissue typical for advanced OA [38] .
The pathogenesis of the ARMD reaction is thought to be driven by metal ions and particles derived from
MoM implants [8, 39] . These implants are made of cobalt-chromium alloys, with other metals such as molybdenum and tungsten present in smaller amounts [40] . Due to their very high specific strength and corrosion resistance, these alloys were initially thought to be ideal for biomedical applications [41] . However, especially when subjected to large mechanical stress and "edge loading" (head-cup contact patch extending over the cup rim), significant amounts of metal particles can be abraded from MoM implants into the surrounding tissues [8, 42] . Cobalt nanoparticles and Co(II) and Cr(VI) ions appear to be especially toxic, with chromium particles and Cr(III) ions only becoming harmful at markedly greater concentrations [43, 44] . In the literature, the biochemical mechanisms of cobalt-induced toxicity appear to be more comprehensively characterized than those of chromium. In addition, cobalt may activate macrophages directly through TLR4 [17] . It also modifies macrophage phenotype [45] and causes strong oxidative stress [46] .
Cobalt is known to mimic hypoxic conditions in cells, inhibiting the degradation of the transcription factor hypoxia-inducible factor 1 alpha (HIF1A) in the proteasome [47] and, accordingly, high expression of hypoxiarelated genes was observed in ARMD samples. These genes include heme oxygenase 1 (HMOX1), NADPH quinone dehydrogenase 1 (NQO1), Egl-9 family hypoxia inducible factor 3 (EGLN3) and superoxide dismutase 2 (SOD2). HIF1A mRNA levels were not significantly different in either comparison. This was however expected, as hypoxia (as well as cobalt) is known to enhance HIF1A expression by inhibiting the degradation of the protein, not by affecting on transcription. Accordingly, enhanced HIF1A protein levels have been detected in ARMD tissue [18] and in macrophages exposured to cobalt [45] . In conclusion, the present results support the hypoxia mimicry hypothesis as a contributing factor in AMRD, but further studies are needed to understand the pathogenetic mechanisms in detail.
When comparing gene expression in ARMD tissue to that in the inflammatory tissue around failed MoP joints, a relatively small number of significantly up-or downregulated genes were identified. This suggests that the pathophysiologies of these two reactions hold many similarities. Indeed, both reactions are thought to be particle driven, the other by polyethylene debris and the other by metal debris. Alarmins, endogenous factors that promote noninfective inflammation, may serve as an example of mechanisms involved in both responses. As compared to OA samples, ARMD tissue expressed increased levels of S100 calcium-binding protein A9 (S100A9), an alarmin that heterodimerizes with S100A8 to form calprotectin [48] . MoP tissue expressed S100A9 at equally high levels and in addition, the expression of S100A8 was higher in MoP than in ARDM tissue. Alarmin S100A8/S100A9 has been associated with a wide variety of inflammatory conditions, from arthritis [49] to lung injury [50] . In previous studies, alarmins in general have been linked to aseptic implant loosening [51, 52] . Further studies are needed to understand their detailed role in the pathogenesis of the response.
There were also significant differences in the gene expression profiles between ARMD and MoP tissues that may provide insights into the mechanisms of the two reaction types. Among the genes upregulated in ARMD tissue compared to MoP, there were, perhaps expectedly, several associated with metal ion binding and redox homeostasis. These include ring finger protein 170 (RNF170), solute carrier family 40 member 1 (SLC40A1) and heme oxygenase 1 (HMOX1). The last of these is especially interesting, as it is a cytoprotective factor induced during hypoxia [53] . HMOX1 mediates heme catabolism [54] , but also regulates the inflammatory response by inhibiting the activation and nuclear translocation of the inflammatory transcription factor NF-κB and by enhancing the production of anti-inflammatory cytokines [55] . Along with HMOX1, NAD(P)H quinone dehydrogenase (NQO1) and microsomal glutathione S-transferase 1 (MGST1) [56] (which were both enhanced in ARMD tissue) are likely compensatory mechanisms to combat the oxidative stress induced by metal ions.
List of the genes, which were higher in MoP than ARMD tissue contained also a number of inflammatory genes. These genes appear to be widely expressed by both macrophages and lymphocytes, and thus provide no specific information about the involvement of these cell types in the reaction. Interestingly, many genes stimulating the differentiation and functions of osteoclasts were more highly expressed in MoP tissue compared to ARMD. These include C-C motif chemokine ligand 21 (CCL21) [57] , triggering receptor expressed on myeloid cells 2 (TREM2) [58] and creatine kinase B (CKB) [59] . Osteoclast-mediated bone resorption is a known feature of adverse reactions seen in MoM [60] and especially in MoP [22] joints, and polyethylene particles have been demonstrated to promote osteoclastic differentiation of mononuclear cells [61] .
However, the precise roles of the aforementioned factors in these processes remain largely unknown. As far as we know, no comprehensive comparative analysis of gene expression in ARMD and MoP reactions has previously been published.
A possible weakness of the present study is that both ARMD and MoP samples were from around failed prostheses. This leaves open the possibility that part of the observed changes may be attributed to the normal tissue reaction following arthroplasty or to the particle driven reaction leading to implant failure in general, rather than specific metal (or plastic) debris evoked toxicity. An ideal control for ARMD tissue would have been pseudosynovial tissue from around a normally functioning MoM joint with no signs of ARMD.
Obtaining such tissue from well-functioning joints is, however, not possible because there is no indication for revision surgery. In general, the present results should be interpreted considering these limitations.
The present results show that there is a widespread difference in gene expression between pseudosynovial ARMD tissue and synovial tissue from OA joint. In contrast, differences in gene expression between ARMD and MoP tissues were less pronounced and, interestingly, osteolytic genes were among those significantly upregulated in MoP tissue. The big picture, based on genome-wide expression analysis, shows that ARMD reaction has unique features including up-regulation of genes associated with redox homeostasis, metal ion binding and transport, lymphocyte and macrophage activation, cellular metabolism and apoptosis.
